In this paper, we propose an enhanced joint acquisition scheme with satellite selection and assisted information to detect weak signals. The theoretical derivation of the joint acquisition is detailed in the principle of the generalized likelihood ratio test (GLRT) to evaluate detection performance. An approximate and simplified architecture is proposed to reduce the computation load. The traditional acquisition performs two-dimensional search over the delay and Doppler frequency per satellite, while the simplified joint acquisition adopts one statistic for all the available satellites to perform multi-dimensional search over the receiver motion parameters and the clock errors. Based on the simplified architecture, one novel strategy of the satellite selection is presented to enhance the robustness. The selection strategy removes the satellites which should be available but are possibly blocked by buildings or trees. Monte Carlo simulations are performed to verify the analytical results. Under the condition that 1-ms coherent integration is adopted in the simulation with 16 satellites, the sensitivity improvement of the enhanced joint acquisition is about 9 dB over those of conventional acquisition. Furthermore, experiments show that the joint acquisition with the satellite selection is more invulnerable to blocked satellites than that without the satellite selection.
Introduction
As new constellations become operational, global navigation satellite systems (GNSS) are expected to provide better positioning service in the fading environments (e.g., indoors, urban canyon, and flyover). Long integration time is always used in the conventional scalar-based acquisition and tracking for weak signals [1, 2] . Various methods on the coherent, noncoherent, and differential detectors were analyzed theoretically in [3] [4] [5] [6] . However, the sensitivity improvement of the conventional acquisition is limited by the constraints, such as receiver movement and computational load. Due to each satellite signal that is processed individually, the correlations of the multi-satellite signals are neglected by the scalarbased acquisition and tracking. If the correlations of the GNSS signals from different satellites are exploited, the acquisition sensitivity will be improved further.
Instead of processing the signals separately, the vector delay/frequency lock loop (VDFLL) adopts a single Kalman filter to track the GNSS signals and determine the navigation solution simultaneously [7] [8] [9] . The spatial correlation between visible satellites and the positioning solution is exploited; consequently, the VDFLL performs better than conventional scalar loops, especially in environments with high dynamics and low signal power. However, the tracking sensitivity is still limited by the individual discriminators. In contrast to conventional two-step position, the direct position estimation (DPE) without discriminators was proposed in [10] and the Cramér-Rao bound was analyzed [11] . Recently, the implementing loop called maximum likelihood vector tracking loop (MLVTL) was introduced in [12] . The experiments in the indoor environment demonstrate that the benefits of the MLVTL are more pronounced than those of the VDFLL [13] . Similar to the DPE and the MLVTL, the joint acquisition combining outputs of the individual satellite correlators is used to improve the acquisition sensitivity in [14] . Both the simulation and outdoor experiments demonstrate the benefit of the joint acquisition [15, 16] . However, the detection performance is not evaluated detailedly, and the collective detection degrades greatly with some blocked satellites. There are http://asp.eurasipjournals.com/content/2014/1/73 some other joint acquisition algorithms, which focus on speeding up the correlator computation by combining the satellite replicas [17, 18] . As a result, the addition of the different code replicas affects the acquisition sensitivity.
In this paper, we introduce an approach to enhance the joint acquisition for detecting the weak GNSS signals. The enhanced algorithm is characterized by the simplified architecture and the satellite selection strategy. The simplified architecture adopts the approximate calculation of the detector, which is derived in the principle of the generalized likelihood ratio test (GLRT). In the stage of performance evaluation of the simplified architecture, we derive the closed-form expressions of the probabilities of the false alarm and detection. Moreover, a satellite selection strategy is proposed to deal with the case that some satellites are blocked.
The rest of this paper is organized as follows: Firstly, we introduce the linear model for the multi-satellite signals. Secondly, the GLRT for the joint acquisition is derived and the GLRT-based architecture is presented. Thirdly, we detail the enhanced joint acquisition and the satellite selection strategy. Then, the Monte Carlo simulations are performed to validate the theoretical analysis. Finally, we conclude the paper.
Multi-satellite signal model
The GNSS signal acquisition and tracking process is a two-dimensional (code and carrier wave) signal match process in the conventional GPS receiver [1] . The acquisition detects a satellite signal and gives the initial estimate of the synchronization parameters; then, the tracking process refines the synchronization parameters. In the view of statistic signal processing, the acquisition can be modeled as the problem of detecting the deterministic signals with unknown parameters. In particular, the acquisition problem for the multi-satellite signal is simplified as
(1) where x[n] is the received digital signal, and f IF is the intermediate frequency. w[n] is the zero-mean white Gaussian noise. The sampled signal is indexed by n. The subscript m is used to number the satellite. T s is the sample interval. M is the total number of available satellites. The pseudorandom code of the mth satellite is g m (·). The unknown parameters are listed as follows:
• A m : the data modulation amplitude of the mth satellite signal • φ m : the carrier phase of the mth satellite In the open environment, the line-of-sight satellites are available. The total number M can be determined by the assisted information such as navigation data and the rough receiver position. Some satellites are blocked and become unavailable due to local conditions (trees, buildings) in the urban environment, while line-of-sight is maintained to other satellites. These blocked satellites can be removed using the satellite selection strategy, which will be presented later. The bit transition is not considered in the signal block. Although the navigation data transition could degrade the detection performance, a number of techniques have been studied to overcome this effect [19] . Besides, the modern GNSS signals with data and pilot channels also reduce the effect of the bit transition.
Derivation of the joint acquisition in principle of GLRT
Firstly, we derive the GLRT-based detector assuming that the synchronization parameters are known in this section. Secondly, we review the asymptotic maximum likelihood estimator (MLE) of the synchronization parameters based on the position searching. Finally, the implementing architecture of the joint acquisition is detailed.
Known synchronization parameters
It is assumed that Doppler frequency and delay have been estimated; then, the unknown parameter set is A, φ, σ 2 . Similar to [20, 21] , the signal x[n] can be transformed to be linear in A m and φ m by letting
Then, the linear model is given by
where
with n = 0, 1, . . . , N − 1 and m = 0, 1, . . . , M − 1. The hypothesis testing model in (1) is equivalent to the classical linear model
with unknown σ 2 . According to Theorem 9.1 of [20] , the GLRT for the model in (4) decides H 1 if
is the unrestricted MLE of θ under H 1 and γ is the detection threshold. The probability distribution function (PDF) of the statistic T(x) is [20] T
where F 2M,N−2M is an F distribution with 2M and N − 2M degrees of freedom. The F 2M,N−2M is a noncentral F distribution with 2M and N − 2M degrees of freedom and noncentrality parameter λ.
The statistical distributions given in (6) converge to χ 2 distributions as N → ∞ [20] . For the multi-satellite signal model (1) , the number N is larger than 2,000 when the GPS C/A codes are used and the IF digital signal persists for 1 ms. In this case, we have the asymptotic distributions of the modified statistic T (x) satisfying
where χ 2 2M denotes a chi-squared distribution with 2M degrees of freedom and χ 2 2M (λ) denotes a noncentral chisquared distribution with 2M degrees of freedom and noncentrality parameter λ. Herein, λ is the same as that shown in (6) and can be calculated by
where θ 1 is true value of θ under H 1 . The unbiased estimator of the σ 2 is given by [20] 
With the substitution of (5) in (7), the equivalent GLRT decides H 1 if
where the detection threshold γ = 2Mγ and satisfies
The detection probability is
where I M−1 (·) is the modified Bessel function of the first kind.
The detector in (10) is also termed as the constant false alarm rate (CFAR) detector. If M = 1, it is easily obtained that the modified statistic test (10) is equivalent to the coherent detector in conventional acquisition [21] . The conventional scalar acquisition searches the visible satellites separately, while the joint acquisition tries to combine the coherent integration results of different satellites noncoherently.
Unknown synchronization parameters
The Doppler frequency and delay are always unknown in the GNSS receiver before successful acquisition. Recall that the matrix H is a function of τ and f d in (3). As derived in [10] , the MLE of synchronization parameters can be obtained by maximizing the likelihood function, which is equivalent to minimizing the nonlinear cost function
The problem of interest is to make full use of the constrained relation of different synchronization parameters to obtain more processing gain. Notice that the projection from user motion parameters to the synchronization parameters is injective when the total number of the available satellites is no less than 4. Hence, combining the residual satellites will provide more processing gain. As presented in [10] , the MLE of the synchronization parameters is equivalent to the MLE of the user motion parameterŝ
where ϒ = p T , v T , δt T is the extended user motion parameters. p = [x, y, z] T is the position of the user in the Earth-centered Earth-fixed (ECEF) coordinate system.
T is the velocity of the user in the ECEF coordinate system. δt = [δt,δt] is the receiver clock bias and clock drift, respectively. As described in [1, 10] , the projections from the extended user motion http://asp.eurasipjournals.com/content/2014/1/73 parameters ϒ to the synchronization parameters are given by
where c is the speed of light, p (m) is the Sagnac-corrected position of the mth satellite in ECEF coordinate system, δt (m) is the clock bias in seconds for the mth satellite, and τ With substitution of (13) and (14) in (10), the final GLRT of the model in (3) with unknown delay and Doppler frequency decides H 1 if
for all possible ϒ. The threshold γ is determined by (11) . The number of the search bins depends on the quality of the initial user position provided by the assisted information. The resolutions of the position and velocity for acquisition can be lower than those for tracking. However, the computation load cannot be neglected. The 2M × 2M dimensional inverse matrix is calculated in the individual statistic shown in (10), the computation load increases significantly if more satellites are available.
The implementing architecture
An implementing architecture of the joint acquisition is shown in Figure 1 . Whereas the traditional acquisition performs two-dimensional search over the delay and Doppler frequency for each satellite, the joint acquisition conducts multi-dimensional search over the receiver motion parameters and the clock errors. The search space center for the joint acquisition consists of the rough receiver position, velocity, and time (PVT), which are provided by the assisted information. The resolution of search bins is related to the quality of the search space center. Another way to determine the solution is dividing the search space into some subspaces with different solutions [12] .
As shown in Figure 1 , all the local signals are generated individually by the synchronization parameters τ and f d . As described in (15) and (16), these synchronization parameters are determined by the searching bin. The replica local signals appear in complex form in Figure 1 . The real parts of the complex signals correspond to the even columns of the matrix H in (3), while the imaginary parts correspond to the odd columns. The coherent integration at individual channel is implemented after the carrier and code stripping process. Then, the integrated results, quadratic sum of signals, and the matrix H form the statistic in (10) . The MLE of the ϒ,Υ is obtained by maximizing the statistics over the search space. The joint acquisition is successful if the maximum statistic Navigation data Figure 1 The implementing architecture for the joint acquisition. http://asp.eurasipjournals.com/content/2014/1/73 exceeds the threshold γ in (17); then, the estimated synchronization parameters of all the available satellites are obtained, respectively. Some implementation losses may exist as a result of residual errors in the replicas of the estimated synchronization parameters. Thus, the detection probability in (12) should be viewed as the upper bound.
The implementing architecture depicted in Figure 1 is similar to the MLE-based tracking architecture named MLVTL in [12] . There are, however, two differences. One is that the resolution of the search bins in Figure 1 is lower than that in the MLVTL. Besides, the scope of the search space for the joint acquisition is wider than that for the MLVTL. As a result, the joint acquisition produces the approximate MLE of the receiver motion parameters and clock errors while the MLVTL generates the refined estimates. The other one is that the joint acquisition decides whether the signals are strong enough to detect. If all the signals are degraded seriously or even blocked, the MLE of the receiver motion parameters still can be obtained by the joint acquisition and the MLVTL. The joint acquisition declares that the estimated values are noneffective by checking the statistic while the MLVTL generates the distorted results. It is suggested that the statistic T (x) be used as an indicator for the lock state of the MLE-based tracking loop.
The enhanced architecture for joint acquisition
Acquiring the GNSS signals together, rather than individually, improves the acquisition sensitivity. However, the drawbacks of the joint acquisition are obvious. As discussed above, the calculation of the matrix inverse is extensive and the computation load is heavy. When some satellites are blocked, the final statistic reduces dramatically while the threshold is invariable. Thus, the performance of the joint acquisition is degraded. To overcome these drawbacks, a simplified architecture of the joint acquisition with the satellite selection strategy is proposed.
A simplified implementing architecture
As discussed in the previous section, the computation load of the joint acquisition increases dramatically with the satellite number due to the 2M × 2M dimensional matrix inverse. Comparing (9) in [10] with (13) in this paper, we find that R dd in [10] corresponds to the H T H in (13) . The term R dd denotes the correlation of the spreading codes, including the autocorrelations and cross-correlations. In GPS signals, the cross-correlation level of the P(Y) codes with any other P(Y) code approaches −127 dB with respect to maximum autocorrelation. Therefore, the cross-correlation of the P(Y) codes can be neglected. The cross-correlation level of the GPS C/A codes can be as poor as −21.1 dB in the case of high Doppler difference [1] . The empirical cross-correlation mean value of Galileo E1 codes is about −24.9 dB [18] . However, the GNSS signals are below the noise floor and the available satellite number is finite. The effect of the cross-correlations is not too severe. The quantified power loss caused by the cross-correlations can be determined by C m /N 0 and (
where L eff,dB is the effective signal power loss in decibels, Q = 1. , which is equivalent to 45 dB-Hz for most receivers. Therefore, it is reasonable to ignore the effect of the cross-correlations in the joint acquisition for the weak signals.
Neglecting the cross-correlation between the spreading codes, we calculate the matrix inverse in (13) approximately
where I 2M×2M denotes the 2M × 2M identity matrix. The detector of the joint acquisition is simplified further by substituting (19) into (10) T where
It can be concluded from (21) where T coh is the coherent integration time.
The implementing architecture of the simplified joint acquisition is shown in Figure 3 . One notable difference between the GLRT-based architecture in Figure 1 and the simplified architecture in Figure 3 is the calculation of T (x). As shown in Figure 3 , f d m ) . The other difference between the two implementing architectures is whether the blocked satellites are identified and removed. The satellite selection strategy to enhance the simplified joint acquisition will be presented in the next section.
Satellite selection strategy
In the conventional acquisition, there is a binary hypothesis test per satellite signal with associated probabilities of false alarm and detection. The two-dimensional search over the Doppler and delay is performed to form the detector individually. The conventional acquisition is still effective with and without a priori information, such as ephemeris, initial receiver position, and so on. When these information are available in the reacquisition or the assistant GNSS, the limited process gain can be obtained by reducing the search scope and fining the searching solution in the conventional acquisition. Furthermore, the joint acquisition combines all these binary hypothesis tests into a single test to obtain more process gain. In the open ground, the line-of-sight satellites to be acquired are easily determined by the ephemeris and initial position. However, the set of available satellites cannot be directly determined by a priori information in the cases where some satellite signals are blocked by the buildings, http://asp.eurasipjournals.com/content/2014/1/73
Remove satellite? Figure 3 The enhanced architecture for the joint acquisition.
mountains, or trees. Under this condition, the blocked satellites are still regarded as available in the joint acquisition. It is concluded from (22) that the probability of detection decreases considerably with the blocked satellites. To deal with the degraded or blocked satellites, the satellite selection is proposed in this section. As shown in Figure 3 , the satellite selection strategy is performed after the maximum T (x). The satellites which are regarded as unavailable will be removed from the set of light-of-sight satellites. Then, a research process is implemented to find the maximum T (x) with the updated set of light-of-sight satellites. The key point of the selection strategy is how to judge the satellite is blocked or unavailable. Recall the statistic in (20) and (21); it can be found that the statistic of the joint acquisition is the sum of the individual statistic per satellite. The statistic of the mth satellite signal is
whereτ m andf d m correspond to the motion parameterΥ, which is obtained by maximizing T ( x) as shown in Figure 3 . Another research process will be performed if some satellites are removed, soτ m andf d m may be different from the final estimates (τ m andf d m ). Considering independence of the detector per satellite signal, the distribution of the individual statistic is
where λ (m) is defined in (22). If the signal from the mth satellite is blocked, the signal power becomes attenuated and the parameter λ (m) approximates to zero. Otherwise, λ (m) is larger than zero and increases with the signal power. The estimates of λ (m) and C/N 0 for the available satellite are rough during the acquisition process, whereas the estimates for the seriously blocked satellite are almost the same in acquisition and tracking process. The refined estimate of λ (m) is calculated as follows:
where K should be large enough, herein K = 1, 000. The expectation and variance ofλ (m) are
If the estimatedλ (m) is less than the threshold λ th , the mth satellite is regarded as blocked. Otherwise, the mth satellite is available. The threshold λ th can be determined by the rule of thumb. Another conservative way to determine the threshold is assuming that all the signals have the same power. The minimum λ (m) for a given P d is regarded as the threshold λ th , which satisfies
where M is the total satellite number used in the search process and γ is determined by (11) . http://asp.eurasipjournals.com/content/2014/1/73
All the maximum values of the individual statistics are consistent with the true PVT in the normal circumstance without interference signals. However, the multipath interference may exist in the blocked environments. The multipath will distort the consistence between the individual statistics and the true PVT, which can result in the outliers of the estimated Doppler and delay. How to detect and remove the multiple outliers may refer to [22] . We only focus on the direct-path signals in this paper.
Simulation results

Validation and comparison of the detection performance
The The statistic of the joint acquisition is the multivariate function, so it is assumed that the receiver positions only in the X axis and Y axis is unknown to show the three-dimensional function. The total satellite number is 12 in this scenario. Figure 4 shows the GLRTbased T (x) in (10) calculated from different errors in the X axis and Y axis, denoted as x and y. Similarly, the simplified statistics T (x) defined by (20) are shown in Figure 5 . It is clear to see that the GLRT-based statistic and the simplified statistic performs similarly with different x and y. Both the statistics have the maximum values at the right position. The maximum amplitude of the simplified statistic decreases slightly due to the cross-correlation of the C/A codes, which means that the detection performance of the GLRTbased statistic is little better than those of the simplified statistic.
For simplicity and clarity, carrier power to noise density C/N 0 per satellite is equal to each other. The weak signals with C/N 0 = 30 dB-Hz are used for different acquisition methods. The estimated receiver operating characteristic (ROC) curves, as shown in Figure 6 , are estimated by the conventional scalar acquisition and the joint acquisition combining 4, 8, 12, and 16 satellites, respectively. For comparison, the theoretical curves derived in previous section are also plotted in Figure 6 . It is obvious to see that the numeric results are always consistent with the theoretical curves. In all considered cases, the results of the proposed algorithm perform markedly better than those of the scalar acquisition. Moreover, the performance of the joint acquisition is steadily improved as available satellites are becoming more. This is because the joint acquisition makes full use of the correlation between the multi-satellite signals.
Further simulations are implemented to demonstrate the acquisition performance. As shown in Figure 7 , the false alarm probability is fixed to 0.001. The probability of detection changes with C/N 0 ranging from 20 to 50 dB-Hz. The analytic detection probability is also validated by numeric results. Besides, it is clear to see that the joint acquisition with the most satellites outperforms the other methods. Given the probability of detection P d = 90%, the lowest C/N 0 is 32 dB-Hz for the joint acquisition with 16 satellites, while the lowest C/N 0 is about 41 dB-Hz for the conventional acquisition.
Demonstration of the benefits of satellite selection
The special scenarios are considered to demonstrate the enhancement of the satellite selection strategy. In these scenarios, 12 satellites should be available. acquisition without satellite selection is affected seriously by the abnormal signals. In contrast, the JA with satellite selection is invulnerable to the abnormal signals.
Conclusions
The joint acquisition combining GNSS signals has been derived from a statistical point of view. The acquisition performance is detailedly analyzed in terms of the probabilities of false alarm and detection. A simplified implementing architecture is presented to reduce the computation load. In order to improve the robustness against the blocked satellites, the satellite selection strategy is proposed. Simulation results have validated the analytic expressions and demonstrated the benefit of the satellite selection strategy. The assisted joint acquisition also can be used in the reacquisition after lost tracking loop.
